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METHOD AND APPARATUS FOR
PREDICTING AND CONTROLLING THE
PERCEPTS INDUCED BY A VISUAL
PROSTHESIS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a divisional application of U.S. Ser. No.
14/019,339, filed Sep. 5, 2013, issued as U.S. Pat. No. 8,831,
734, for Method and Apparatus for Predicting and Control-
ling the Percepts Induced by a Visual Prosthesis which is a
divisional application of U.S. Ser. No. 13/304,128, filed Nov.
23, 2003, issued as U.S. Pat. No. 8,554,327, for Method and
Apparatus for Predicting and Controlling the Percepts
Induced by a Visual Prosthesis, which claims the benefit of
U.S. provisional Patent Application Ser. No. 61/417,099,
filed Nov. 24, 2010 for Method of Predicting and Controlling
the Percepts of Visual Prosthesis Subjects the disclosure of
which is incorporated herein by reference.

FIELD

The present disclosure relates to visual prostheses config-
ured to provide neural stimulation for the creation of artificial
vision.

BACKGROUND

In 1755 LeRoy passed the discharge of a Leyden jar
through the orbit of a man who was blind from cataract and
the patient saw “flames passing rapidly downwards.” Ever
since, there has been a fascination with electrically elicited
visual perception. The general concept of electrical stimula-
tion of retinal cells to produce these flashes of light or phos-
phenes has been known for quite some time. Based on these
general principles, some early attempts at devising a prosthe-
sis for aiding the visually impaired have included attaching
electrodes to the head or eyelids of patients. While some of
these early attempts met with some limited success, these
early prosthetic devices were large, bulky and could not pro-
duce adequate simulated vision to truly aid the visually
impaired.

Inthe early 1930’s, Foerster investigated the effect of elec-
trically stimulating the exposed occipital pole of one cerebral
hemisphere. He found that, when a point at the extreme
occipital pole was stimulated, the patient perceived a small
spot of light directly in front and motionless (a phosphene).
Subsequently, Brindley and Lewin (1968) thoroughly studied
electrical stimulation of the human occipital (visual) cortex.
By varying the stimulation parameters, these investigators
described in detail the location of the phosphenes produced
relative to the specific region of the occipital cortex stimu-
lated. These experiments demonstrated: (1) the consistent
shape and position of phosphenes; (2) that increased stimu-
lation pulse duration made phosphenes brighter; and (3) that
there was no detectable interaction between neighboring
electrodes which were as close as 2.4 mm apart.

As intraocular surgical techniques have advanced, it has
become possible to apply stimulation on small groups and
even on individual retinal cells to generate focused phos-
phenes through devices implanted within the eye itself. This
has sparked renewed interest in developing methods and
apparatuses to aid the visually impaired. Specifically, great
effort has been expended in the area of intraocular visual
prosthesis devices in an effort to restore vision in cases where
blindness is caused by photoreceptor degenerative retinal
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diseases such as retinitis pigmentosa and age related macular
degeneration which affect millions of people worldwide.

Neural tissue can be artificially stimulated and activated by
prosthetic devices that pass pulses of electrical current
through electrodes on such a device. The passage of current
causes changes in electrical potentials across visual neuronal
membranes, which can initiate visual neuron action poten-
tials, which are the means of information transfer in the
nervous system.

Based on this mechanism, it is possible to input informa-
tion into the nervous system by coding the information as a
sequence of electrical pulses which are relayed to the nervous
system via the prosthetic device. In this way, it is possible to
provide artificial sensations including vision.

Onetypical application of neural tissue stimulation is in the
rehabilitation of the blind. Some forms of blindness involve
selective loss of the light sensitive transducers of the retina.
Other retinal neurons remain viable, however, and may be
activated in the manner described above by placement of a
prosthetic electrode device on the inner (toward the vitreous)
retinal surface (epiretial). This placement must be mechani-
cally stable, minimize the distance between the device elec-
trodes and the visual neurons, and avoid undue compression
of the visual neurons.

In 1986, Bullara (U.S. Pat. No. 4,573,481) patented an
electrode assembly for surgical implantation on a nerve. The
matrix was silicone with embedded iridium electrodes. The
assembly fit around a nerve to stimulate it.

Dawson and Radtke stimulated cat’s retina by direct elec-
trical stimulation of the retinal ganglion cell layer. These
experimenters placed nine and then fourteen electrodes upon
the inner retinal layer (i.e., primarily the ganglion cell layer)
of two cats. Their experiments suggested that electrical
stimulation of the retina with 30 to 100 uA current resulted in
visual cortical responses. These experiments were carried out
with needle-shaped electrodes that penetrated the surface of
the retina (see also U.S. Pat. No. 4,628,933 to Michelson).

The Michelson *933 apparatus includes an array of photo-
sensitive devices on its surface that are connected to a plural-
ity of electrodes positioned on the opposite surface of the
device to stimulate the retina. These electrodes are disposed
to form an array similar to a “bed of nails having conductors
which impinge directly on the retina to stimulate the retinal
cells. U.S. Pat. No. 4,837,049 to Byers describes spike elec-
trodes for neural stimulation. Each spike electrode pierces
neural tissue for better electrical contact. U.S. Pat. No. 5,215,
088 to Normann describes an array of spike electrodes for
cortical stimulation. Each spike pierces cortical tissue for
better electrical contact.

The art of implanting an intraocular prosthetic device to
electrically stimulate the retina was advanced with the intro-
duction of retinal tacks in retinal surgery. De Juan, et al. at
Duke University Eye Center inserted retinal tacks into retinas
in an effort to reattach retinas that had detached from the
underlying choroid, which is the source of blood supply for
the outer retina and thus the photoreceptors. See, e.g., E. de
Juan, et al., 99 Am. J. Ophthalmol. 272 (1985). These retinal
tacks have proved to be biocompatible and remain embedded
in the retina, and choroid/sclera, effectively pinning the retina
against the choroid and the posterior aspects of the globe.
Retinal tacks are one way to attach a retinal array to the retina.
U.S. Pat. No. 5,109,844 to de Juan describes a flat electrode
array placed against the retina for visual stimulation. U.S. Pat.
No. 5,935,155 to Humayun describes a visual prosthesis for
use with the flat retinal array described in de Juan.

It is preferable to stimulate outer retinal cells as described
in U.S. Pat. No. 5,944,747, Greenberg, Method for Preferen-
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tial Outer Retinal Stimulation. Axons are closest to the retina
surface and tend to be stimulated by an epiretinal array. While
techniques such as those taught in Greenberg 747 minimize
the stimulation of axons; a method is needed to properly
compensate for remaining axonal stimulation.

SUMMARY

Here we present the first model that quantitatively predicts
the apparent spatial position and shape of percepts elicited by
retinal electrical stimulation in humans based on the known
anatomy of the retina. This model successfully predicts both
the shape of percepts elicited by single electrode stimulation
and the shape and relative positions of percepts elicited by
multiple electrode stimulation. Model fits to behavioral data
show that sensitivity to electrical stimulation is not confined
to the axon initial segment, but does fall off rapidly with the
distance between stimulation and the initial segment. Using
the model, it is possible to compensate, preferably with a look
up table, to match percepts to a desired image.

According to a first aspect of the invention, a method of
inducing the perception of light with a visual prosthesis
includes the steps of observing the location of an electrode
array of the visual prosthesis as it relates to axonal patterns;
applying a formula predictive of percept shapes to said obser-
vations; and altering stimulation patterns based upon said
observations and said formula.

According to a second aspect of the invention, the method
according to aspect one, further including storing results of
the step of applying a formula in a look up table, and wherein
the step of altering stimulation patterns includes altering
stimulation patterns based upon the look up table.

According to a third aspect of the invention, the method
according to aspect one, wherein the step of observing
includes observing two or more electrodes across a single
axon.

According to a fourth aspect of the invention, the method
according to aspect three, wherein the step of observing fur-
ther includes observing which of the two or more electrodes
is closest to the raphe.

Further embodiments are shown in the specification, draw-
ings and claims of the present application.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1A shows a percept traced by a subject. FIG. 1B
shows that percept overlaid on an electrode array and axonal
patterns.

FIG. 2A shows another percept traced by a subject. FIG. 2B
shows that percept overlaid on an electrode array and axonal
patterns.

FIG. 3A shows another percept traced by a subject. FIG. 3B
shows that percept overlaid on an electrode array and axonal
patterns.

FIG. 4A shows a percept traced by a subject. FIG. 4B
shows that percept overlaid on an electrode array and axonal
patterns.

FIGS. 5 and 6 show a retinal stimulation system adapted to
be implanted into a subject.

FIGS. 7 and 8 show a video capture/transmission apparatus
or visor adapted to be used in combination with the retinal
stimulation of FIGS. 5 and 6.

FIG. 9 shows components of a fitting system according to
the present disclosure, the system also comprising the visor
shown in FIGS. 4 and 5.
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FIG. 10 shows the visual prosthesis apparatus in a stand-
alone mode, i.e. comprising the visor connected to a video
processing unit.

FIGS. 11-12 show the video processing unit already briefly
shown with reference to FIG. 9.

FIG. 13a shows a LOSS OF SYNC mode.

FIG. 135 shows an exemplary block diagram of the steps
taken when VPU does not receive back telemetry from the
Retinal stimulation system.

FIG. 13¢ shows an exemplary block diagram of the steps
taken when the subject is not wearing Glasses.

FIGS. 14-1, 14-2, 14-3 and 14-4 show an exemplary
embodiment of a video processing unit. FIG. 14-1 should be
viewed at the left of FIG. 14-2. FIG. 14-3 should be viewed at
the left of FIG. 14-4. FIGS. 14-1 and 14-2 should be viewed
on top of FIGS. 14-3 and 14-4.

In the following description, like reference numbers are
used to identify like elements. Furthermore, the drawings are
intended to illustrate major features of exemplary embodi-
ments in a diagrammatic manner. The drawings are not
intended to depict every feature of every implementation nor
relative dimensions of the depicted elements, and are not
drawn to scale.

DETAILED DESCRIPTION

The present disclosure is concerned with a visual apparatus
and a method for creation of artificial vision. In particular, the
present disclosure provides an means of predicting and
thereby better direction stimulation signals sent to an elec-
trode array implanted in an individual patient (i.e. subject) to
create artificial vision.

This invention is based on the first model that quantita-
tively predicts the apparent spatial position and shape of
percepts elicited by retinal electrical stimulation in humans
based on the known anatomy of the retina. This model suc-
cessfully predicts both the shape of percepts elicited by single
electrode stimulation and the shape and relative positions of
percepts elicited by multiple electrode stimulation. Model fits
to behavioral data show that sensitivity to electrical stimula-
tion is not confined to the axon initial segment, but does fall
off rapidly with the distance between stimulation and the
initial segment.

Our goal was to develop and fit a model that predicts the
perceived shape and position of percepts elicited by epiretinal
stimulation, and to use that model to better alter stimulation
patterns to best represent a desired image. Psychophysics: We
measured the shape of induced phosphenes by asking four
retinal prosthesis subjects to trace their percepts on a screen.
Stimuli were monopolar, biphasic 20 Hz pulse trains with a
pulse width of 0.45 ms. A variety of amplitudes (1.25-2x
threshold) were tested and either one or two electrodes were
stimulated on a given trial. Each stimulus condition was
repeated 5 times. FIGS. 1A-4A show examples of a percept
from single electrode stimulation averaged across 5 repeated
trials. Modeling: A model of ganglion axon pathways (FIG.
1B-4B), designed to mimic known retinal anatomy, was gen-
erated as contour lines on a 2D surface. The only free param-
eter, A describes the falloff in sensitivity to stimulation along
the axon path: s=e™™” where s is sensitivity and x is distance
from the electrode. We quantified the quality of the model fit
as the pixel-by-pixel correlation between the percept drawn
by subjects with the predicted percept generated from the
model.

(1) Cross-correlations were calculated as the model was
rotated. Cross-correlations were highest when the model
angle was physiologically accurate, and dropped off sharply
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as a function of rotation away from that angle. (2) Best-fitting
values of the sensitivity parameter, A were small—between
1.0 and 3.4 degrees of visual angle, indicating that while
electrical stimulation is not confined to the axon initial seg-
ment, it does fall off rapidly as a function of distance. (3) The
model successfully predicts whether subjects see one or two
phosphenes when two electrodes are stimulated based on the
location of stimulation with respect to axonal fibers.

Hence, the method taught is observing the location of an
electrode array as it relates to axonal patterns, applying a
formula predictive of percept shapes to the observations, and
altering stimulation patterns based on the formula applied to
the observations.

FIG. 1A is diagram showing an elongated percept 90
caused by an electrode’s proximity to an axon. The diagram is
obtained by asking a subject to draw the precept multiple
times and averaging the result. FIG. 1B is a diagram showing
the electrode array 10 over the axonal pattern of the retina.
The elongated percept 90 is superimposed over the electrode
causing the elongated percept. FIG. 1B shows that the elon-
gated percept coincides with the axonal pattern. In this case
the elongated percept does not overlie other electrodes.
Hence, this elongated axon would not indicate the deactiva-
tion of neighboring electrodes. It is clear that such an elon-
gated percept that overlies another electrode indicates that the
two electrodes should not be energized simultaneously. It
would be impractical to test for elongated precepts on every
electrode for every patient. The present invention presents a
model for predicting percept shape and altering stimulation
accordingly. It should also be noted that each stimulated axon
creates an arc between the electrode and the raphe, the hori-
zontal centerline of the retina. A long arc can be generated by
an electrode far from the raphe. A shorter art can be generated
by an electrode closer to the raphe. A focal spot can be
generated by an electrode that does not overlay an axon.

FIGS.2A and 2B present a different situation where the arc
percept created by the electrode extends beyond the electrode
array 10. This provides the possibility of increasing a subjects
field of view beyond the electrode array 10. FIGS. 3A and 3B
present the situation where the percept is aligned with several
electrodes. It an image called for this shape there would be no
advantage to stimulating the electrodes that fall under the
percept of another electrode. Note that increasing shorter arc
percepts may be induced by each electrode closer to the
raphe.

FIGS. 4A and 4B present the situation where the precept
arc partially overlays other electrodes. It may or may not be
beneficial to stimulate on the partially covered electrodes
dependent on the image desired.

Preferably, the process of fitting a retinal prosthesis accord-
ing to the present invention is automated. A photographic
image is taken of an array 10 implanted on a retina. The
photographic image is preferably a fluorescent angiography
as these image better show axons. The image is digitized and
processed with an image processor that maps each electrode
that is likely to stimulate an axon. From the image the auto-
mated system creates a table of picture elements. This first
process is preferably done in an off line computer. The table
is then stored in a video processing unit 20, as described
below. As images are processed in the video processing unit
20, picture elements in the input image are matched, by a best
fit method, to image elements in the look up table.

The retinal stimulation system is further disclosed in U.S.
application Ser. No. 11/207,644, filed Aug. 19, 2005 for
“Flexible Circuit Electrode Array” by Robert J. Greenberg, et
al. incorporated herein by reference, and is intended for use in
subjects with retinitis pigmentosa. The visor 5 is further dis-
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6

closed in International Patent Application No. PCT/US07/
13918, filed on Jun. 14, 2007 and entitled “APPARATUS
AND METHOD FOR ELECTRICAL STIMULATION OF
HUMAN RETINA,” also incorporated herein by reference.

The exemplary retinal stimulation system shown in FIGS.
5 and 6, is an implantable electronic device containing an
inductive coil 16 and an electrode array 10 that is electrically
coupled by a cable 48 that pierces sclera of the subject’s eye
to an electronics package 14, external to the sclera. The retinal
stimulation system is designed, for example, to elicit visual
percepts in blind subjects with retinitis pigmentosa.

Human vision provides a field of view that is wider than it
is high. This is partially due to fact that we have two eyes, but
even a single eye provides a field of view that is approxi-
mately 90° high and 140° to 160° degrees wide. It is therefore,
advantageous to provide a flexible circuit electrode array 10
that is wider than it is tall. This is equally applicable to a
cortical visual array. In which case, the wider dimension is not
horizontal on the visual cortex, but corresponds to horizontal
in the visual scene.

FIGS. 5 and 6 present the general structure of a visual
prosthesis used in implementing the invention.

FIG. 5 shows a perspective view of the implanted portion of
the preferred retinal prosthesis. A flexible circuit 1 includes a
flexible circuit electrode array 10 which is mounted by a
retinal tack (not shown) or similar means to the epiretinal
surface. The flexible circuit electrode array 10 is electrically
coupled by a flexible circuit cable 12, which pierces the sclera
and is electrically coupled to an electronics package 14, exter-
nal to the sclera.

The electronics package 14 is electrically coupled to a
secondary inductive coil 16. Preferably the secondary induc-
tive coil 16 is made from wound wire. Alternatively, the
secondary inductive coil 16 may be made from a flexible
circuit polymer sandwich with wire traces deposited between
layers of flexible circuit polymer. The secondary inductive
coil receives power and data from a primary inductive coil 17,
which is external to the body. The electronics package 14 and
secondary inductive coil 16 are held together by the molded
body 18. The molded body 18 holds the electronics package
14 and secondary inductive coil 16 end to end. The molded
body 18 holds the secondary inductive coil 16 and electronics
package 14 in the end to end orientation and minimizes the
thickness or height above the sclera of the entire device. The
molded body 18 may also include suture tabs 20. The molded
body 18 narrows to form a strap 22 which surrounds the sclera
and holds the molded body 18, secondary inductive coil 16,
and electronics package 14 in place. The molded body 18,
suture tabs 20 and strap 22 are preferably an integrated unit
made of silicone elastomer. Silicone elastomer can be formed
in a pre-curved shape to match the curvature of a typical
sclera. However, silicone remains flexible enough to accom-
modate implantation and to adapt to variations in the curva-
ture of an individual sclera. The secondary inductive coil 16
and molded body 18 are preferably oval shaped. A strap 22
can better support an oval shaped coil. It should be noted that
the entire implant is attached to and supported by the sclera.
An eye moves constantly. The eye moves to scan a scene and
also has a jitter motion to improve acuity. Even though such
motion is useless in the blind, it often continues long after a
person has lost their sight. By placing the device under the
rectus muscles with the electronics package in an area of fatty
tissue between the rectus muscles, eye motion does not cause
any flexing which might fatigue, and eventually damage, the
device.\

FIG. 6 shows a side view of the implanted portion of the
retinal prosthesis, in particular, emphasizing the fan tail 24.
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When implanting the retinal prosthesis, it is necessary to pass
the strap 22 under the eye muscles to surround the sclera. The
secondary inductive coil 16 and molded body 18 must also
follow the strap 22 under the lateral rectus muscle on the side
of'the sclera. The implanted portion of the retinal prosthesis is
very delicate. It is easy to tear the molded body 18 or break
wires in the secondary inductive coil 16. In order to allow the
molded body 18 to slide smoothly under the lateral rectus
muscle, the molded body 18 is shaped in the form of a fan tail
24 on the end opposite the electronics package 14. The strap
22 further includes a hook 28 the aids the surgeon in passing
the strap under the rectus muscles.

Referring to FIGS. 7 and 8, the glasses 5 may comprise, for
example, a frame 11 holding a camera 13, an external coil 17
and a mounting system 19 for the external coil 17. The mount-
ing system 19 may also enclose the RF circuitry. In this
configuration, the video camera 13 captures live video. The
video signal is sent to an external Video Processing Unit
(VPU) 20 (shown in FIGS. 9,11 and 12 and discussed below),
which processes the video signal and subsequently trans-
forms the processed video signal into electrical stimulation
patterns or data. The electrical stimulation data are then sent
to the external coil 17 that sends both data and power via
radio-frequency (RF) telemetry to the coil 16 of the retinal
stimulation system, shown in FIGS. 5 and 6. The coil 16
receives the RF commands which control an application spe-
cific integrated circuit (ASIC) which in turn delivers stimu-
lation to the retina of the subject via a thin film electrode array
(TFEA). In one aspect of an embodiment, light amplitude is
recorded by the camera 13. The VPU 20 may use a logarith-
mic encoding scheme to convert the incoming light ampli-
tudes into the electrical stimulation patterns or data. These
electrical stimulation patterns or data may then be passed on
to the Retinal Stimulation System, which results in the retinal
cells being stimulated via the electrodes in the electrode array
10 (shown in FIGS. 5 and 6). In one exemplary embodiment,
the electrical stimulation patterns or data being transmitted by
the external coil 17 is binary data. The external coil 17 may
contain a receiver and transmitter antennae and a radio-fre-
quency (RF) electronics card for communicating with the
internal coil 16.

Referring to FIG. 9, a Fitting System (FS) may be used to
configure and optimize the visual prosthesis apparatus. The
Fitting System is fully described in the related application
U.S. application Ser. No. 11/796,425, filed on Apr. 27, 2007,
which is incorporated herein by reference in its entirety.

The Fitting System may comprise custom software with a
graphical user interface running on a dedicated laptop com-
puter 21. Within the Fitting System are modules for perform-
ing diagnostic checks of the implant, loading and executing
video configuration files, viewing electrode voltage wave-
forms, and aiding in conducting psychophysical experiments.
A video module can be used to download a video configura-
tion file to the Video Processing Unit (VPU) 20 discussed
above and store it in non-volatile memory to control various
aspects of video configuration, e.g. the spatial relationship
between the video input and the electrodes. The software can
also load a previously used video configuration file from the
VPU 20 for adjustment.

The Fitting System can be connected to the Psychophysical
Test System (PTS), located for example on a dedicated laptop
30, in order to run psychophysical experiments. In psycho-
physics mode, the Fitting System enables individual elec-
trode control, permitting clinicians to construct test stimuli
with control over current amplitude, pulse-width, and fre-
quency of the stimulation. In addition, the psychophysics
module allows the clinician to record subject responses. The
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PTS may include a collection of standard psychophysics
experiments developed using for example MATLAB®
(MathWorks®) software and other tools to allow the clini-
cians to develop customized psychophysics experiment
scripts.

Using the psychophysics module, important perceptual
parameters such as perceptual threshold, maximum comfort
level, and spatial location of percepts may be reliably mea-
sured. Based on these perceptual parameters, the fitting soft-
ware enables custom configuration of the transformation
between video image and spatio-temporal electrode stimula-
tion parameters in an effort to optimize the effectiveness of
the retinal prosthesis for each subject.

The Fitting System laptop 21 of FIG. 9 may be connected
to the VPU 20 using an optically isolated serial connection
adapter 40. Because it is optically isolated, the serial connec-
tion adapter 40 assures that no electric leakage current can
flow from the Fitting System laptop 10 in the event of a fault
condition.

As shown in FI1G. 9, the following components may be used
with the Fitting System according to the present disclosure.
The Video Processing Unit (VPU) 20 for the subject being
tested, a Charged Battery 25 for VPU 20, the Glasses 5, a
Fitting System (FS) Laptop 10, a Psychophysical Test System
(PTS) Laptop 30, a PTS CD (not shown), a Communication
Adapter (CA) 40, a USB Drive (Security) (not shown), a USB
Drive (Transfer) 47, a USB Drive (Video Settings) (not
shown), a Patient Input Device (RF Tablet) 50, a further
Patient Input Device (Jog Dial) 55, Glasses Cable 15, CA-
VPU Cable 70, FS-CA Cable 45, FS-PTS Cable 46, Four (4)
Port USB Hub 47, Mouse 60, Test Array system 80, Archival
USB Drive 49, an Isolation Transformer (not shown), adapter
cables (not shown), and an External Monitor (not shown).

With continued reference to FIG. 9, the external compo-
nents of the Fitting System may be configured as follows. The
battery 25 is connected with the VPU 20. The PTS Laptop 30
is connected to FS Laptop 10 using the FS-PTS Cable 46. The
PTS Laptop 30 and FS Laptop 10 are plugged into the Isola-
tion Transformer (not shown) using the Adapter Cables (not
shown). The Isolation Transformer is plugged into the wall
outlet. The four (4) Port USB Hub 47 is connected to the FS
laptop 10 at the USB port. The mouse 60 and the two Patient
Input Devices 50 and 55 are connected to four (4) Port USB
Hubs 47. The FS laptop 10 is connected to the Communica-
tion Adapter (CA) 40 using the FS-CA Cable 45. The CA 40
is connected to the VPU 20 using the CA-VPU Cable 70. The
Glasses 5 are connected to the VPU 20 using the Glasses
Cable 15.

In one exemplary embodiment, the Fitting System shown
in FIG. 9 may be used to configure system stimulation param-
eters and video processing strategies for each subject outfitted
with the visual prosthesis apparatus. The fitting application,
operating system, laptops 21 and 30, isolation unit and VPU
20 may be tested and configuration controlled as a system.
The software provides modules for electrode control, allow-
ing an interactive construction of test stimuli with control
over amplitude, pulse width, and frequency of the stimulation
waveform of each electrode in the Retinal stimulation system.
These parameters are checked to ensure that maximum
charge per phase limits, charge balance, and power limita-
tions are met before the test stimuli are presented to the
subject. Additionally, these parameters may be checked a
second time by the VPU 20’s firmware. The Fitting System
shown in FIG. 9 may also provide a psychophysics module
for administering a series of previously determined test
stimuli to record subject’s responses. These responses may be
indicated by a keypad 50 and/or verbally. The psychophysics
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module may also be used to reliably measure perceptual
parameters such as perceptual threshold, maximum comfort
level, and spatial location of percepts. These perceptual
parameters may be used to custom configure the transforma-
tion between the video image and spatio-temporal electrode
stimulation parameters thereby optimizing the effectiveness
of'the visual prosthesis for each subject. The Fitting System is
fully described in the related application U.S. application Ser.
No. 11/796,425, filed on Apr. 27, 2007, which is incorporated
herein by reference in its entirety.

The visual prosthesis apparatus may operate in two modes:
1) stand-alone mode and ii) communication mode.
Stand-Alone Mode

Referring to FIG. 10, in the stand-alone mode, the video
camera 13, on the glasses 5, captures a video image that is sent
to the VPU 20. The VPU 20 processes the image from the
camera 13 and transforms it into electrical stimulation pat-
terns that are transmitted to the external coil 17. The external
coil 17 sends the electrical stimulation patterns and power via
radio-frequency (RF) telemetry to the implanted retinal
stimulation system. The internal coil 16 of the retinal stimu-
lation system receives the RF commands from the external
coil 17 and transmits them to the electronics package 14 that
in turn delivers stimulation to the retina via the electrode array
10. Additionally, the retinal stimulation system may commu-
nicate safety and operational status back to the VPU 20 by
transmitting RF telemetry from the internal coil 16 to the
external coil 17. The visual prosthesis apparatus may be con-
figured to electrically activate the retinal stimulation system
only when it is powered by the VPU 20 through the external
coil 17. The stand-alone mode may be used for clinical testing
and/or at-home use by the subject.

Communication Mode

The communication mode may be used for diagnostic test-
ing, psychophysical testing, patient fitting and downloading
of stimulation settings to the VPU 20 before transmitting data
from the VPU 20 to the retinal stimulation system as is done
for example in the stand-alone mode described above. Refer-
ring to FIG. 9, in the communication mode, the VPU 20 is
connected to the Fitting System laptop 21 using cables 70, 45
and the optically isolated serial connection adapter 40. In this
mode, laptop 21 generated stimuli may be presented to the
subject and programming parameters may be adjusted and
downloaded to the VPU 20. The Psychophysical Test System
(PTS) laptop 30 connected to the Fitting System laptop 21
may also be utilized to perform more sophisticated testing
and analysis as fully described in the related application U.S.
application Ser. No. 11/796,425. filed on Apr. 27, 2007, which
is incorporated herein by reference in its entirety.

In one embodiment, the functionality of the retinal stimu-
lation system can also be tested pre-operatively and intra-
operatively (i.e. before operation and during operation) by
using an external coil 17, without the glasses 5, placed in
close proximity to the retinal stimulation system. The coil 17
may communicate the status of the retinal stimulation system
to the VPU 20 that is connected to the Fitting System laptop
21 as shown in FIG. 9.

As discussed above, the VPU 20 processes the image from
the camera 13 and transforms the image into electrical stimu-
lation patterns for the retinal stimulation system. Filters such
as edge detection filters may be applied to the electrical stimu-
lation patterns for example by the VPU 20 to generate, for
example, a stimulation pattern based on filtered video data
that the VPU 20 turns into stimulation data for the retinal
stimulation system. The images may then be reduced in reso-
Iution using a downscaling filter. In one exemplary embodi-
ment, the resolution of the image may be reduced to match the
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number of electrodes in the electrode array 10 of the retinal
stimulation system. That is, if the electrode array has, for
example, sixty electrodes, the image may be reduced to a
sixty channel resolution. After the reduction in resolution, the
image is mapped to stimulation intensity using for example a
look-up table that has been derived from testing of individual
subjects. Then, the VPU 20 transmits the stimulation param-
eters via forward telemetry to the retinal stimulation system in
frames that may employ a cyclic redundancy check (CRC)
error detection scheme.

In one exemplary embodiment, the VPU 20 may be con-
figured to allow the subject/patient 1) to turn the visual pros-
thesis apparatus on and off, ii) to manually adjust settings, and
iii) to provide power and data to the retinal stimulation sys-
tem. Referring to FIGS. 11 and 12, the VPU 20 may comprise
a case 800, power button 805 for turning the VPU 20 on and
off, setting button 810, zoom buttons 820 for controlling the
camera 13, connector port 815 for connecting to the Glasses
5, a connector port 816 for connecting to the laptop 21
through the connection adapter 40, indicator lights 825 to give
visual indication of operating status of the system, the
rechargeable battery 25 for powering the VPU 20, battery
latch 830 for locking the battery 25 in the case 800, digital
circuit boards (not shown), and a speaker (not shown) to
provide audible alerts to indicate various operational condi-
tions of the system. Because the VPU 20 is used and operated
by a person with minimal or no vision, the buttons onthe VPU
20 may be differently shaped and/or have special markings as
shown in FIG. 12 to help the user identify the functionality of
the button without having to look at it. As shown in FIG. 12,
the power button 805 may be a circular shape while the
settings button 820 may be square shape and the zoom buttons
820 may have special raised markings 830 to also identify
each buttons’ functionality. One skilled in the art would
appreciate that other shapes and markings can be used to
identify the buttons without departing from the spirit and
scope of the invention. For example, the markings can be
recessed instead of raised.

In one embodiment, the indicator lights 825 may indicate
that the VPU 20 is going through system start-up diagnostic
testing when the one or more indicator lights 825 are blinking
fast (more then once per second) and are green in color. The
indicator lights 825 may indicate that the VPU 20 is operating
normally when the one or more indicator lights 825 are blink-
ing once per second and are green in color. The indicator
lights 825 may indicate that the retinal stimulation system has
a problem that was detected by the VPU 20 at start-up diag-
nostic when the one or more indicator lights 825 are blinking
for example once per five second and are green in color. The
indicator lights 825 may indicate that the video signal from
camera 13 is not being received by the VPU 20 when the one
or more indicator lights 825 are always on and are amber
color. The indicator lights 825 may indicate that there is a loss
of communication between the retinal stimulation system and
the external coil 17 due to the movement or removal of
Glasses 5 while the system is operational or if the VPU 20
detects a problem with the retinal stimulation system and
shuts off power to the retinal stimulation system when the one
or more indicator lights 825 are always on and are orange
color. One skilled in the art would appreciate that other colors
and blinking patterns can be used to give visual indication of
operating status of the system without departing from the
spirit and scope of the invention.

In one embodiment, a single short beep from the speaker
(not shown) may be used to indicate that one of the buttons
825, 805 or 810 have been pressed. A single beep followed by
two more beeps from the speaker (not shown) may be used to
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indicate that VPU 20 is turned off. Two beeps from the
speaker (not shown) may be used to indicate that VPU 20 is
starting up. Three beeps from the speaker (not shown) may be
used to indicate that an error has occurred and the VPU 20 is
about to shut down automatically. As would be clear to one
skilled in the art, different periodic beeping may also be used
to indicate a low battery voltage warning, that there is a
problem with the video signal, and/or there is a loss of com-
munication between the retinal stimulation system and the
external coil 17. One skilled in the art would appreciate that
other sounds can be used to give audio indication of operating
status of the system without departing from the spirit and
scope of the invention. For example, the beeps may be
replaced by an actual prerecorded voice indicating operating
status of the system.

In one exemplary embodiment, the VPU 20 is in constant
communication with the retinal stimulation system through
forward and backward telemetry. In this document, the for-
ward telemetry refers to transmission from VPU 20 to the
retinal stimulation system and the backward telemetry refers
to transmissions from the Retinal stimulation system to the
VPU 20. During the initial setup, the VPU 20 may transmit
null frames (containing no stimulation information) until the
VPU 20 synchronizes with the Retinal stimulation system via
the back telemetry. In one embodiment, an audio alarm may
be used to indicate whenever the synchronization has been
lost.

In order to supply power and data to the Retinal stimulation
system, the VPU 20 may drive the external coil 17, for
example, with a 3 MHz signal. To protect the subject, the
retinal stimulation system may comprise a failure detection
circuit to detect direct current leakage and to notify the VPU
20 through back telemetry so that the visual prosthesis appa-
ratus can be shut down.

The forward telemetry data (transmitted for example at
122.76 kHz) may be modulated onto the exemplary 3 MHz
carrier using Amplitude Shift Keying (ASK), while the back
telemetry data (transmitted for example at 3.8 kHz) may be
modulated using Frequency Shift Keying (FSK) with, for
example, 442 kHz and 457 kHz. The theoretical bit error rates
can be calculated for both the ASK and FSK scheme assum-
ing a ratio of signal to noise (SNR). The system disclosed in
the present disclosure can be reasonably expected to see bit
error rates of 10-5 on forward telemetry and 10-3 on back
telemetry. These errors may be caught more than 99.998% of
the time by both an ASIC hardware telemetry error detection
algorithm and the VPU 20’s firmware. For the forward telem-
etry, this is due to the fact that a 16-bit cyclic redundancy
check (CRC)is calculated for every 1024 bits sent to the ASIC
within electronics package 14 of the Retinal Stimulation Sys-
tem. The ASIC of the Retinal Stimulation System verifies this
CRC and handles corrupt data by entering a non-stimulating
‘safe’ state and reporting that a telemetry error was detected to
the VPU 20 via back telemetry. During the ‘safe’ mode, the
VPU 20 may attempt to return the implant to an operating
state. This recovery may be on the order of milliseconds. The
back telemetry words are checked for a 16-bit header and a
single parity bit. For further protection against corrupt data
being misread, the back telemetry is only checked for header
and parity if it is recognized as properly encoded Bi-phase
Mark Encoded (BPM) data. If the VPU 20 detects invalid
back telemetry data, the VPU 20 immediately changes mode
to a ‘safe’ mode where the Retinal Stimulation System is reset
and the VPU 20 only sends non-stimulating data frames. Back
telemetry errors cannot cause the VPU 20 to do anything that
would be unsafe.
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The response to errors detected in data transmitted by VPU
20 may begin at the ASIC of the Retinal Stimulation System.
The Retinal Stimulation System may be constantly checking
the headers and CRCs of incoming data frames. If either the
header or CRC check fails, the ASIC of the Retinal Stimula-
tion System may enter a mode called LOSS OF SYNC 950,
shown in FIG. 13a. In LOSS OF SYNC mode 950, the Retinal
Stimulation System will no longer produce a stimulation
output, even if commanded to do so by the VPU 20. This
cessation of stimulation occurs after the end of the stimula-
tion frame in which the LOSS OF SYNC mode 950 is entered,
thus avoiding the possibility of unbalanced pulses not com-
pleting stimulation. If the Retinal Stimulation System
remains ina LOSS OF SYNC mode 950 for 1 second or more
(for example, caused by successive errors in data transmitted
by VPU 20), the ASIC of the Retinal Stimulation System
disconnects the power lines to the stimulation pulse drivers.
This eliminates the possibility of any leakage from the power
supply in a prolonged LOSS OF SYNC mode 950. From the
LOSS OF SYNC mode 950, the Retinal Stimulation System
will not re-enter a stimulating mode until it has been properly
initialized with valid data transmitted by the VPU 20.

In addition, the VPU 20 may also take action when notified
of the LOSS OF SYNC mode 950. As soon as the Retinal
Stimulation System enters the LOSS OF SYNC mode 950,
the Retinal Stimulation System reports this fact to the VPU 20
through back telemetry. When the VPU 20 detects that the
Retinal Stimulation System is in LOSS OF SYNC mode 950,
the VPU 20 may start to send ‘safe’ data frames to the Retinal
Stimulation System. ‘Safe’ data is data in which no stimula-
tion output is programmed and the power to the stimulation
drivers is also programmed to be off. The VPU 20 will not
send data frames to the Retinal Stimulation System with
stimulation commands until the VPU 20 first receives back
telemetry from the Retinal Stimulation System indicating that
the Retinal Stimulation System has exited the LOSS OF
SYNC mode 950. After several unsuccessful retries by the
VPU 20 to take the implant out of LOSS OF SYNC mode 950,
the VPU 20 will enter a Low Power Mode (described below)
in which the implant is only powered for a very short time. In
this time, the VPU 20 checks the status of the implant. If the
implant continues to report a LOSS OF SYNC mode 950, the
VPU 20 turns power off to the Retinal Stimulation System
and tries again later. Since there is no possibility of the
implant electronics causing damage when it is not powered,
this mode is considered very safe.

Due to an unwanted electromagnetic interference (EMI) or
electrostatic discharge (ESD) event the VPU 20 data, specifi-
cally the VPU firmware code, in RAM can potentially get
corrupted and may cause the VPU 20 firmware to freeze. As
aresult, the VPU 20 firmware will stop resetting the hardware
watchdog circuit, which may cause the system to reset. This
will cause the watchdog timer to expire causing a system reset
in, for example, less than 2.25 seconds. Upon recovering from
the reset, the VPU 20 firmware logs the event and shuts itself
down. VPU 20 will not allow system usage after this occurs
once. This prevents the VPU 20 code from freezing for
extended periods of time and hence reduces the probability of
the VPU sending invalid data frames to the implant.

Supplying power to the Retinal stimulation system can be
a significant portion of the VPU 20’s total power consump-
tion. When the Retinal stimulation system is not within
receiving range to receive either power or data from the VPU
20, the power used by the VPU 20 is wasted.

Power delivered to the Retinal stimulation system may be
dependent on the orientation of the coils 17 and 16. The power
delivered to the Retinal stimulation system may be con-
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trolled, for example, via the VPU 20 every 16.6 ms. The
Retinal stimulation system may report how much power it
receives and the VPU 20 may adjust the power supply voltage
of the RF driver to maintain a required power level on the
Retinal stimulation system. Two types of power loss may
occur: 1) long term (>~1 second) and 2) short term (<~1
second). The long term power loss may be caused, for
example, by a subject removing the Glasses 5.

In one exemplary embodiment, the Low Power Mode may
be implemented to save power for VPU 20. The Low Power
Mode may be entered, for example, anytime the VPU 20 does
not receive back telemetry from the Retinal stimulation sys-
tem. Upon entry to the Low Power Mode, the VPU 20 turns
off power to the Retinal stimulation system. After that, and
periodically, the VPU 20 turns power back on to the Retinal
stimulation system for an amount of time just long enough for
the presence of the Retinal stimulation system to be recog-
nized via its back telemetry. If the Retinal stimulation system
is not immediately recognized, the controller again shuts off
power to the Retinal stimulation system. In this way, the
controller ‘polls’ for the passive Retinal stimulation system
and a significant reduction in power used is seen when the
Retinal stimulation system is too far away from its controller
device. FIG. 135 depicts an exemplary block diagram 900 of
the steps taken when the VPU 20 does not receive back
telemetry from the Retinal stimulation system. If the VPU 20
receives back telemetry from the Retinal stimulation system
(output “YES” of step 901), the Retinal stimulation system
may be provided with power and data (step 906). If the VPU
20 does not receive back telemetry from the Retinal stimula-
tion system (output “NO” of step 901), the power to the
Retinal stimulation system may be turned off. After some
amount of time, power to the Retinal stimulation system may
be turned on again for enough time to determine if the Retinal
stimulation system is again transmitting back telemetry (step
903). If the Retinal stimulation system is again transmitting
back telemetry (step 904), the Retinal stimulation system is
provided with power and data (step 906). If the Retinal stimu-
lation system is not transmitting back telemetry (step 904),
the power to the Retinal stimulation system may again be
turned off for a predetermined amount of time (step 905) and
the process may be repeated until the Retinal stimulation
system is again transmitting back telemetry.

In another exemplary embodiment, the Low Power Mode
may be entered whenever the subject is not wearing the
Glasses 5. In one example, the Glasses 5 may contain a
capacitive touch sensor (not shown) to provide the VPU 20
digital information regarding whether or not the Glasses 5 are
being worn by the subject. In this example, the Low Power
Mode may be entered whenever the capacitive touch sensor
detects that the subject is not wearing the Glasses 5. That is,
if the subject removes the Glasses 5, the VPU 20 will shut off
power to the external coil 17. As soon as the Glasses 5 are put
back on, the VPU 20 will resume powering the external coil
17. FIG. 13c¢ depicts an exemplary block diagram 910 of the
steps taken when the capacitive touch sensor detects that the
subject is not wearing the Glasses 5. If the subject is wearing
Glasses 5 (step 911), the Retinal stimulation system is pro-
vided with power and data (step 913). If the subject is not
wearing Glasses 5 (step 911), the power to the Retinal stimu-
lation system is turned off (step 912) and the process is
repeated until the subject is wearing Glasses 5.

One exemplary embodiment of the VPU 20 is shown in
FIG. 14. The VPU 20 may comprise: a Power Supply, a
Distribution and Monitoring Circuit (PSDM) 1005, a Reset
Circuit 1010, a System Main Clock (SMC) source (not
shown), a Video Preprocessor Clock (VPC) source (not
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shown), a Digital Signal Processor (DSP) 1020, Video Pre-
processor Data Interface 1025, a Video Preprocessor 1075, an
I’C Protocol Controller 1030, a Complex Programmable
Logic device (CPLD) (not shown), a Forward Telemetry Con-
troller (FTC) 1035, a Back Telemetry Controller (BTC) 1040,
Input/Output Ports 1045, Memory Devices like a Parallel
Flash Memory (PFM) 1050 and a Serial Flash Memory
(SFM) 1055, a Real Time Clock 1060, an RF Voltage and
Current Monitoring Circuit (VIMC) (not shown), a speaker
and/or a buzzer, an RF receiver 1065, and an RF transmitter
1070.

The Power Supply, Distribution and Monitoring Circuit
(PSDM) 1005 may regulate a variable battery voltage to
several stable voltages that apply to components of the VPU
20. The Power Supply, Distribution and Monitoring Circuit
(PSDM) 1005 may also provide low battery monitoring and
depleted battery system cutoff. The Reset Circuit 1010 may
have reset inputs 1011 that are able to invoke system level
rest. For example, the reset inputs 1011 may be from a manual
push-button reset, a watchdog timer expiration, and/or firm-
ware based shutdown. The System Main Clock (SMC) source
is a clock source for DSP 1020 and CPLD. The Video Pre-
processor Clock (VPC) source is a clock source for the Video
Processor. The DSP 1020 may act as the central processing
unitofthe VPU 20. The DSP 1020 may communicate with the
rest of the components of the VPU 20 through parallel and
serial interfaces. The Video Processor 1075 may convert the
NTSC signal from the camera 13 into a down-scaled resolu-
tion digital image format. The Video Processor 1075 may
comprise a video decoder (not shown) for converting the
NTSC signal into high-resolution digitized image and a video
scaler (not shown) for scaling down the high-resolution digi-
tized image from the video decoder to an intermediate digi-
tized image resolution. The video decoder may be composed
of'an Analog Input Processing, Chrominance and [.uminance
Processing and Brightness Contrast and Saturation (BSC)
Control circuits. The video scaler may be composed of Acqui-
sition control, Pre-scaler, BSC-control, Line Buffer and Out-
put Interface. The I°C Protocol Controller 1030 may serve as
a link between the DSP 1020 and the I>C bus. The I°C Pro-
tocol Controller 1030 may be able to convert the parallel bus
interface of the DSP 1020 to the I°C protocol bus or vice
versa. The I°C Protocol Controller 1030 may also be con-
nected to the Video Processor 1075 and the Real Time Clock
1060. The VPDI 1025 may contain a tri-state machine to shift
video data from Video Preprocessor 1075 to the DSP 1020.
The Forward Telemetry Controller (FTC) 1035 packs 1024
bits of forward telemetry data into a forward telemetry frame.
The FTC 1035 retrieves the forward telemetry data from the
DSP 1020 and converts the data from logic level to biphase
marked data. The Back Telemetry Controller (BTC) 1040
retrieves the biphase marked data from the RF receiver 1065,
decodes it, and generates the BFSR, BCLKR and BDR forthe
DSP1020. The Input/Output Ports 1045 provide expanded 10
functions to access the CPLD on-chip and off-chip devices.
The Parallel Flash Memory (PFM) 1050 may be used to store
executable code and the Serial Flash Memory (SFM) 1055
may provide Serial Port Interface (SPI) for data storage. The
VIMC may be used to sample and monitor RF transmitter
1070 current and voltage in order to monitor the integrity
status of the retinal stimulation system.

Accordingly, what has been shown is an improved visual
prosthesis and an improved method for limiting power con-
sumption in a visual prosthesis. While the invention has been
described by means of specific embodiments and applications
thereof, it is understood that numerous modifications and
variations could be made thereto by those skilled in the art
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without departing from the spirit and scope of the invention.
It is therefore to be understood that within the scope of the
claims, the invention may be practiced otherwise than as
specifically described herein.

What is claimed is:

1. A method of inducing the perception of light with a
visual prosthesis comprising:

observing the location of an electrode array of the visual

prosthesis as it relates to axonal patterns of the retina;
applying a formula predictive of percept shapes to said
observations; and

altering stimulation patterns based upon said observations

and said formula.

2. The method according to claim 1, further comprising
storing results of the step of applying a formula in a look up
table, and wherein the step of altering stimulation patterns
includes altering stimulation patterns based upon the look up
table.

3. The method according to claim 1, wherein the step of
observing includes observing two or more electrodes across a
single axon.
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4. The method according to claim 3, wherein the step of
observing further includes observing which of the two or
more electrodes is closest to the raphe.

5. The method according to claim 1, wherein the step of
observing includes observing which electrodes are not over
axons.

6. The method according to claim 1, wherein the step of
altering stimulation patterns includes not stimulating elec-
trodes that fall within an induced percept of another electrode.

7. The method according to claim 1, wherein the method is
performed by an automated process using a photographic
image of the array on the retina.

8. The method according to claim 7, wherein photographic
image is a fluorescent angiography.

9. The method according to claim 1, wherein the step of
observing is by fluorescent angiography.

10. The method according to claim 1, wherein the steps of
observing and applying are completed by computer which is
detachable from a visual prosthesis and the step of altering is
performed by the visual prosthesis.
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